Abstract This study compared different acquisition protocols performance to detect small liver metastases (<2 cm). Thirty consecutive patients with histologically proven hepatic metastases were explored by MDCT at the liver equilibrium phase by four successive acquisitions. We compared the following protocols (1-4): 5/30/1.5 (section thickness/table speed/pitch); 5/15/0.75; 5/11.25/0.75; and 2.5/15/1.5 with the same X-ray dose. The gold standard was based on patient radiological follow-up. Evolutive lesions were considered as true positive (TP). The described lesions, not found on the follow-up exams despite tumoral progression, were considered as false positive (FP). Stable lesions could not be considered as metastasis and were eliminated. One hundred and seventy-six lesions were detected: 61 TP and 91 FP. Twenty-four lesions were eliminated.
Introduction
Liver metastases detection is crucial for determining the best treatment option and improve patient outcome [1] . In patients with GI cancer and other selected malignancies, performing partial hepatic resection showed increasing survival [2, 3] . Accurate detection as well as determination of the segmental localisation and the size of all hepatic lesions are required to assess surgical resectability or response to chemotherapic treatment. Contrast-enhanced helical CT is the recommended modality for preoperative detection and assessment of resectability of liver metastases [4] [5] [6] [7] . However, with helical CT, detection of liver metastases smaller than 1 cm has been demonstrated to be poor, with a sensitivity of 56% [8] . Introduction of multidetector CT has allowed faster scanning of large volumes using thin sections. The entire liver can be rapidly imaged using thin collimation during a single breath-hold after contrast material enhancement for all patients. This requires the development of new imaging protocols to obtain the best compromise between X-ray dose, contrast-to-noise ratio, partial volume effect and acquisition time for the detection of small low contrast lesions [9, 10] . Thinner collimation should improve lesion detection as partial volume effect is reduced. However, an experimental study comparing a four detector row CT with a single detector CT for the detection of low contrast lesion by using a phantom, has demonstrated that reduction of slice thickness requires a significant increase of radiation dose to achieve an acceptable CNR with MDCT as compared with single slice CT [11] . From the same experimental study, slice thickness of 5 mm offered the best compromise between CNR and dose. Thinner slices (2.5 mm) required a much higher Xray dose to achieve similar CNR. However, because of its experimental design, this study did not take into account partial volume effect and was focused on lesions with a very low contrast (8 Hounsfield units) .
Furthermore, in clinical practice, partial volume effect may be a critical issue if contrast between liver and tumoral lesions is low, in particular for hypovascular lesions. For these latter reasons, we designed this clinical study in order to compare four protocols with MSCT and to determine the optimal CT protocol for detection of hepatic metastases.
Materials and methods

Patient population
Thirty consecutive patients (12 men and 18 women; age range, 36-83 years; mean age, 59.4 years) who had histologically proven hepatic metastases were prospectively enrolled in this study. The primary tumor originated in the following sites: colon (n=17), rectum (n=4), and breast (n=9). Institutional Review Board approval was granted and informed consent was obtained from each patient.
CT imaging protocol
CT scans were performed with a multidetector row CT system (Light speed QX/i, GE Medical Systems; version 3.1; Milwaukee, Wisc., USA). Before injection of contrast material, images were obtained through the entire liver, at 5 mm collimation during a single breath-hold. The scanning location was determined by mean of the scout digital radiography. The technical parameters used were 120 kV, 220 mA, rotation speed of 0.8 s, table speed of 11.25 mm per gantry rotation, pitch of 0.75, and field of view of 30-40 cm. The filter used was the standard filter for abdominal examination.
After this non-enhanced CT scanning, all patients received a low-osmolarity contrast medium of Iopental [Imagopaque 300 R (300 mg I/mP); Nycomed, Munich, Germany]. A volume of 1.5 ml/kg body weight was administered by means of a power injector (Tomojet winjet 3.1-Bruker AG) at rate of 3 ml/s through a 20 G plastic IV catheter placed in an antecubital vein.
The routine imaging oncologic protocol was then performed, involving the examination of the chest at the arterial phase (25 s delay post-injection) and the abdominal and pelvic regions at the venous phase (60-s delay post-injection), with the following parameters settings: 120 kV, 220 mA, rotation speed of 0.8 s and table speed of 11.25 mm per gantry rotation, pitch 0.75.
The images of the non-enhanced scan allowed the radiologist to determine the best scanning location on the z-axis, covering a distance of 7.5 cm, containing the maximum of small hepatic lesions that would be explored by our four acquisitions protocols used in this study. For the purpose of the study, we performed four successive acquisition at the equilibrium phase of the liver, 120 s delay after contrast medium injection, in a single breath-hold. To minimize bias due to contrast material dynamics, the four acquisitions were performed at the equilibrium phase in random order.
The following sets of acquisitions were used:
-For set 1:5 mm elementary collimation, 5 mm reconstructed slice thickness, We used the International Electrotechnical Committee Standard definition of pitch corresponding to the ratio of table advancement to the irradiated width per 360°tube rotation. X-ray dose delivered for each set of acquisition was identical, with a dose-length product (DLP) equal to 176 mGy cm for the four protocols. The weighted CT dose index (CTDIw) was equal to 0.1 mGy/mAs for each acquisition protocol. To give practical X-ray dose information, the DLP corresponding to an acquisition of 7.5 cm length was converted in effective dose for each acquisition protocol using the conversion factor that has to be applied when scanning the upper part of the abdomen (i.e. 0.015 mSv/mGy cm [7] ). The effective dose was equal to 3 mSv for each acquisition protocol. The total acquisition time of the four sets was 19.1 s and was accomplished in a single breath-hold. Acquisition times for protocols 1-4 were, respectively, 2.8, 5.2, 6.4 and 4.7 s. The follow-up CT scans were performed according to routine practice.
Images interpretation and analysis
Out of 30 patients, only patients with a follow-up demonstrating tumor progression in the liver were kept for the study. Tumor progression was defined according to RECIST criteria and corresponds to at least a 20% increase in the sum of the longest diameter of target lesions [12] .
Twenty-two patients constituted the final study group (10 men and 12 women with a mean age of 62.6 years). The primary tumor originated in the following sites: colon (n=12), rectum (n=4), breast (n=6). They all had a radiological follow-up longer than 3 months in our institution (median: 13.4 months, range: 5-18 months), which was part of the routine oncologic follow-up.
Six patients received chemotherapy during the follow-up period and 16 patients were under therapeutic window. Images of the four acquisition protocols were displayed on hard copy with 4×5 images format and the same window level of 150 and window width of 80, which were appropriate for representation of the liver parenchyma.
Patient information and technical parameters were masked on the films. Only lesions of 2 cm diameter or smaller were analyzed. Lesions exceeding 2 cm had been crossed on each film and the hepatic segmentation according to the Couinaud numbering system was drawn directly on every film by one radiologist before the readings in order to prevent mislocation of the lesions by the readers.
Three sets of images obtained for each of the four acquisition protocols were placed in individual folders; this represented a total of 264 readings for all patients. The examinations were reviewed independently by three radiologists (P.C., M.C., F.S.): two senior radiologists with extensive and comparable experience in liver CT imaging of more than 10 years (reader 1 and 2) and one junior radiologist, 2nd year fellow in general radiology (reader 3). The three readers underwent a training session in which the protocol was presented and explained using films of patients excluded for missing follow-up. How to number lesions and how to fill the study forms was detailed.
The radiologists knew that patients were at risk of hepatic metastasis and were referred for routine CT follow-up exam, but did not have any other information about the medical history of the patients. The reading procedure was performed in four sessions at 3-week intervals. At each session, images obtained by one individual acquisition protocol per patient were reviewed so that each patient was presented only once during each session, and the four protocols were equally represented. To limit learning bias, the patient's films appeared in random order in each reading session. At the time of interpretation, the readers were blinded to the results of other imaging protocols and to the results of the other observers. They were asked to number on the film each identified lesion and to mark on the form its segmental location and its size. A confidence level was assigned for the visibility of the lesions: level 4, lesion certainly visible (100% certain); level 3, lesion probably visible (75% certain); level 2, lesion possibly visible (50% certain), and level 1, lesion hardly visible (25% certain).
After completion of all blinded review sessions, two radiologists (A.D., A.A.) who were not involved in the images interpretation reviewed in consensus all the films for each patient. During this session, corresponding lesions were matched in between different acquisitions and readers for statistical evaluation.
The lesions that revealed an increase in size on follow-up exams were considered as metastases with certainty and true positive (TP). The lesions that were not found on follow-up exams, despite the fact that patients presented radiological progression of other lesions in the liver, were considered as false positive (FP). Lesions that showed stability in size on the follow-up CT scans were eliminated from the study, since they could not be considered as metastasis with certainty [13, 14] .
Statistical methods
To assess inter-observer variability, we calculated the kappa statistic for multiple observers, by using the non-weighted binary Kappa statistic for the four acquisition protocols. A kappa value of 0.01-0.2 was considered slight agreement; 0.21-0.4, fair agreement; 0.41-0.60, moderate agreement; 0.61-0.80, substantial agreement; and 0.81-1.00, almost perfect agreement.
For each acquisition protocol, the receiving operating characteristic curve was filled to each observer's confidence rating data base, using a maximum likelihood estimation. The diagnostic accuracy of each acquisition protocol for each observer and each acquisition was estimated by calculating the area under the receiver operating characteristic curve (Az index). Composite ROC curves representing the performances of all the readers as a single one were obtained for each acquisition protocol by using the maximum likelihood curve fitting algorithm to rate the pool data of the three readers. Differences between acquisitions protocols in terms of mean Az values were analyzed statistically using the two-tailed Student t-test for paired data; a two-tailed P-value <0.05 was considered significant. The statistical package used was JMP (version 5.0.1; SAS Institute, Cary, N.C., USA).
Results
A total of 176 liver lesions were visualised, 61 TP and 91 FP, in 22 patients. Twenty-four lesions were eliminated because they could not be considered as metastases with certainty on follow-up exams.
Mean lesion size was 8.8 mm with a range of 2 mm to 2 cm. Mean lesion size of TP lesions was 9.8 mm and mean lesion size of FP lesions was 8 mm. The mean appa values of the three observers for each acquisition were 0.43 for protocol 1; 0.68 for protocol 2; 0.73 for protocol 3 and 0.51 for protocol 4. This indicates a moderate agreement between readers for the protocols 1 and 4; and a substantial agreement between the readers for protocols 2 and 3. Re-ceiver operating characteristic curves constructed on the basis of pooled data from all the readers for each protocol are shown in Fig. 1 Areas under the ROC curves were always greater than 0.7, showing good diagnosis accuracy for the four imaging protocols. However, areas under the ROC curves were higher for the protocols 2 and 3 with a statistically significant difference compared to the protocols 1 and 4.
Discussion
CT scan has proved to be an excellent and widely used modality for the detection and preoperative assessment of hepatic tumors [6, 15, 16] . Detection of small hepatic metastases under 2 cm in diameter remains a challenge with multidetector row CT despite an increased spatial and temporal resolution. These advances in technology called for the development of optimized acquisition protocols, but there is no agreement in the literature on the optimal collimation and pitch for detection of small hepatic lesions using MDCT. First results of studies performed with SSCT have shown that portal-phase contrast-enhanced helical CT is extremely sensitive (91%) in detecting hepatic lesions greater than 1 cm, but is insensitive below this diameter (56%) [8] .
With the use of multidetector row CT, different acquisition protocols are available to produce a particular reconstructed section thickness. In our study, we compared four protocols with different slice thickness (5 mm reconstructed slice thickness with elementary collimation of 5 and 3.75 mm versus 2.5 mm reconstructed slice thickness with 2.5 mm elementary collimation) and same slice thickness of 5 mm (with elementary collimation of 5 and 3.75 mm) with three different table speeds (30, 15 and 11.25 mm per rotation), (Fig. 2) . As we wanted to specifically evaluate the influence of slice thickness and table speed on the detection of low contrast lesions, we used the same radiation dose for the four protocols. The CTDIw applied was adapted to the recommended dose for abdominal CT by the European Guidelines, which suggest CTDIvol values ranging from 17.5 to 29.5 mGy for liver screening investigation [17] [18] [19] [20] [21] . In addition, in a previous experimental study performed with a phantom simulating the X-ray absorption of a standard abdomen, it has been demonstrated that for the detection of 5 mm lesions to achieve a CNR of 1, which ensures a detection rate of 100%, the X-ray dose required correspond to a CTDIw=20 mGy [11] . Thus, we determined the acquisition parameters (tube current setting) in order to obtain a CTDIw=23 mGy for all the protocols tested. We would expect that reducing partial volume effect by scanning with thinner sections would lead to improved sensitivity in the detection of small liver metastases. However, in our study 5 mm slice thickness proved to be more efficient in detection of small lesion than 2.5 mm slice thickness, for the same irradiation of the patient. Imaging the liver with 2.5 mm slice thickness resulted in more noisy images with significantly lower performance in the detection of hepatic lesions as previously demonstrated experimentally. Image noise measurement was not performed in our study. In the fantom by Hu et al., using the same CT scanner as in the present study, the lowest noise-ratio 4-slice CT/conventional CT was achieved with 2.5 mm beam collimation and pitch of 0.75, and the highest with 2.5 mm beam collimation and pitch of 1.5 (section thickness in both 5 mm) [22] . The ability to detect a focal liver lesion depends on the contrast between the lesion and the liver and on the noise corresponding to the contrast-to-noise ratio (CNR). Therefore, an increase in noise level decreases the ability to detect low contrast lesions. In CT, the noise depends on the total number of photons used to produce the image, which is function of the selected milliamperesseconds. In general, the higher the radiation dose the lower the image noise is. These results of our study are in good agreement with the experimental results of Verdun et al. They demonstrated that using an elementary collimation of 2.5 mm and 2.5 mm reconstructed slices thickness with a pitch of 1.5 with the same CT scan, those parameters corresponding to the acquisition protocol 4 in the present study, does not permit achievement of a CNR value of 1, whatever the X-ray dose, while with significant increase of X-ray dose an acceptable CNR of 0.6 could be obtained. A CNR of 1 was necessary to achieve a 100% detection rate of 5 mm lesions, and a CNR of 0.6 to achieve a 100% detection rate of 9 mm lesions. [11] . The lower efficiency of thinner sections in detecting small hepatic lesions may be attributed to the geometric efficiency of the detectors that deteriorates with thin collimation [11] . Indeed, the penumbral region of the X-ray beam which was fully used by single detector CT is excluded with MDCT and only the ombra is directed to the active area of the detector. This effect is most prominent with our MDCT at thin slices and requires an increase in dose. This dose increase requirement depends on the implementation of beam collimation and image interpolation algorithms and varies between scanner manufacturers [23] .
Another reason for the need to increase the X-ray dose when dealing with thin sections with MDCT may be related to the improvement in longitudinal resolution, allowing better control of the SSP compared with single detector row CT but at the price of dose. In the literature, Weg et al. in 1998, first answered the question whether thinner section thickness really improved lesion detection by using a dual-detector scanner with 2.5 mm elementary collimation thickness and compared reconstructed sections of 2.5, 5, 7.5 and 10 mm. They demonstrated that the use of 2.5 mm thick sections resulted in an 18% increase in detection rate of lesions versus 5 mm reconstructed thick sections for small lesions and observed that lesion conspicuity and radiologist confidence in lesion detection increased as section thickness decreased [24] . However, detector geometry of this unit is completely different from four row multidetector CT and this may account for the differences with our study. In our study, we did not evaluate the protocol 2.5 mm elementary collimation and 5 mm reconstructed sections thickness, pitch of 1.5. However, the experimental study of Verdun et al. shows that this protocol is more efficient in term of X-ray dose than the use of elementary collimation of 5 mm [11] . Furthermore, they postulated that a better CNR should be achieved with an elementary collimation of 2.5 mm instead of 5 mm for a reconstructed section of 5 mm because of the production of a higher amplitude of the impulse response with an elementary collimation of 2.5 mm [11, 25] .
Haider et al., using a four detector row helical system from GE, performed a single acquisition with the following parameters: 120 kV, 230-330 mA, table speed: 7.5 mm/ rotation, HS mode and pitch of 3 at the portal phase. They then compared reconstructed images at collimation of 5, 3.75 and 2.5 mm with 50% overlap. They did not obtain an improved sensitivity in the detection of small hepatic metastases with reconstructed images at collimation less than 5 mm [26] . When we used 5 mm reconstructed slice thickness, we observed that similar results were obtained with mm per rotation. This can be explained by a widening of the section sensitivity profile (SSP) while dealing with a pitch value greater than 1. Thus, for 5 mm beam collimation with table speed of 30 mm per rotation, the FWHM was 6.4 mm corresponding to a widening of slice thickness equal to 20%, resulting in an increase of partial volume effect [22, 27] .
In addition, there is a 10% increase in noise ratio when increasing the table speed from 15 to 30 mm per rotation, this also contributes to reduce the CNR [22] . We observed that images obtained with protocol 1 using a pitch value of 1.5 with an increase in acquisition speed (table speed: 30 mm) produced artifacts, mainly on the posterior sector of the right lobe and on the periphery of the left lobe (Fig. 2) . These artifacts induced by the vertebrae, the ribs and the air in the stomach may also account for the lower detection rate of small metastases. Artefacts associated with spiral CT are reported in the literature, and Witling and Timmer demonstrated on cadaver studies that the artefacts increased with increased table speed and that they were less severe when the pitch is reduced [28, 29] . Comparing protocols 2 and 3 did not reveal a significant difference in the detection of small hepatic lesions. We would have expected better results with 3.75 mm elementary collimation than with 5 mm elementary collimation, taking into account the z-filtering reconstruction which acts as low pass filter on the image noise. In an experimental study, Verdun et al. demonstrated that 3.75 mm elementary collimation with a pitch of 0.75 offers the best compromise between dose and CNR when the reconstructed section is 5 mm [11] . In our clinical study, this protocol showed similar results as protocol 2, perhaps this could be attributed to the difference of "background", which is less homogeneous in clinical practice due to "structured noise" or "anatomical noise". Although similar results were obtained with protocol 2 and 3, we would however recommend to use protocol 2) when acquisition time is a critical issue, for instance when two arterial phases are performed, or with patients presenting limited apnea. When acquisition time may be increased we prefer to use the protocol 3. First, it allows reconstruction of thinner sections, and second, it offers a better CNR.
In addition, the routine use of thicker slices compared to thinner slices for detection of small liver metastasis offers advantages in terms of radiologist productivity and in terms of operating costs such as filming printing or PACS archiving.
Study limitations
The major limitation of our study resides in the absence of pathologic or surgical assessment of the lesions. We dealt with this limitation first by keeping in our final study group only patients with a radiological follow-up showing a tumoral progression in the liver and second by eliminating lesions that could not be considered as metastases with certainty on the follow-up exams [13, 14] . Longer patient follow-up may have revealed that there were metastases among these eliminated lesions.
This study includes only a small number of patients. However, we believe that our results are valid because this study includes a fairly large number of lesions and the reproductibility of the method is good as demonstrated by the kappa statistic for the results of the different readers. Perhaps that a larger population would have shown a different result between protocol 2 and protocol 3.
In our study, for methodologic reasons,we choose to assess specifically the effect of slice thickness and table speed on detection of low-contrast lesion. Therefore, we applied an identical radiation dose which was adapted to respond to European guidelines for liver screening investigation, but in clinical practice, the benefit of thinner sections could be realized by minimizing image noise with an increase in radiation dose. Our study was performed with the MDCT Lightspeed from GE Medical System. The detector configuration and image interpolation algorithms are specific to this manufacturer therefore our results are valid only on this scan and cannot be extended to another one.
In addition, we performed the four acquisition protocols at the equilibrium phase of the liver. In this phase, contrast material enhancement of the liver (and therefore contrast to noise ratio) is decreased compared to scan after a 60 s delay, which is used in clinical routine. Consequently, the increased image noise when using thin collimations may be less relevant in images obtained after a scan delay of 60 s due to the higher contrast to noise ratio.
In conclusion, we found that MDCT using thin section of 2.5 mm or an increased table speed is less efficient in detecting low-contrast lesion in the liver (Table 1) .
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